Introduction
The Railway Technical Research Institute (RTRI) conducts research and development related to seismic countermeasures, maintenance, design and environmental protection measures for railway structures.
Seismic countermeasures have been developed ever since the damage from the 1995 Hyogo-ken Nanbu (Kobe) Earthquake, various measures had been taken. However, railway structures have been repeatedly damaged by subsequent severe earthquakes such as the 2004 Niigata Chuetsu Earthquake and the 2011 off the Pacific coast of Tohoku Earthquake. Given that even in new design standards, some degree of damage is deemed to be inevitable in the event of a large scale earthquake, the damage to some existing structures designed with old standards may suffer significant damage. Consequently, effective measures must be urgently taken against the potential earthquakes occurring in the Nankai Trough and directly beneath the Tokyo Metropolitan Area. As a result RTRI has been conducting research and development of seismic countermeasure technologies such as seismic retrofitting methods in order to alleviate damage due to earthquakes.
Last spring, RTRI inaugurated the "Center for Railway Earthquake Engineering Research" to boost research activities into seismic risk alleviation in railway operations. The Center records relevant information, compiles databases, collecting material which will serve as a base for railway seismic engineering, thereby offering support to engineers, particularly information services in the event of earthquakes, and provides assistance for restoration related activities. The Structures Technology Division of RTRI which to date was in charge of research and development in the area of structural seismic countermeasures, will from now on work hand in hand with the Center for Railway Earthquake Engineering Research in order to realize safer and more reliable railway systems.
In the area of maintenance, finding countermeasures against aging deterioration of infrastructure now constitute the most pressing challenge. Many railway structures date back to the Meiji era, and cannot easily be replaced because of the specificities of the railway system, creating a difficult situation. At the same time, while some structures have received frequent repairs ever since they were constructed, a large number of structures remain intact despite their long time in service. Consequently the construction of durable structures and efficient maintenance control are a priority. Bearing these facts in mind, research and development activities focus on high precision deterioration prediction technology, simple and practical inspection technology, and highly effective repair and reinforcement technology. Even when there are no structural problems, structures may need functional improvements requiring large-scale interventions. Therefore, methods are also being developed to facilitate such large-scale structural improvements and improve design.
RTRI has therefore been pursuing R&D efforts to solve different problems associated with structures. This paper presents the latest main developments:
Research and Development on Seismic Countermeasures
After the 1995 Kobe Earthquake, efforts were concentrated on measures to prevent collapse of viaducts, however, other types structural damage have also become apparent and further development is thus required to develop new countermeasures.
In some cases railway structures are very old. This means that there are many structures today which were built with the technology of the time, which does not offer proper anti-seismic protection. An example of this type of structure are masonry retaining walls which are not integrated structures and therefore become unstable and fragile in an earthquake making them prone to collapse. The traditional remedy to this problem was to add a monolithic façade to solidify the whole, or inject natural ground reinforcement material to secure destabilized sections. Experimental and analytical investigations were carried out in order to develop a masonry retaining wall reinforcement method using netting to prevent collapse and natural ground reinforcement materials, as illustrated in Fig. 1 . Results demonstrated the twofold effectiveness reinforcement measure; the net held the masonry in place across the surface, while the bank reinforcement material stabilized the overall structure, increasing its seismic resistance.
Experiments provided insight into the four mechanisms which are instrumental in retaining wall stability: breaks in the netting, pulling out of the reinforcement material, loss of stability within the masonry retaining wall and excessive deformation in the backfill. A response value calculation model was proposed using static and dynamic analysis methods. Verifications demonstrated that applying the proposed analysis method could increase seismic resistance to withstand a Level 2 earthquake, and was also used as a reference to compile a masonry wall seismic reinforcement manual.
Bridges with skewed angles are known to be prone to deformation in earthquakes. Large-scale earthquakes in the past have caused disintegration of bridge seats, causing horizontal rotation of girders and in some cases leading to their disengagement from the bridge. As a result, a method to properly assess the seismic performance of existing bridges with skewed angles needed to be developed. Previously the horizontal rotation of girders was thought to be due to impact with a parapet or neighboring girders, and given that the behavior of inclined bridge abutments during earthquakes was not properly understood, it was not possible to accurately evaluate the behavior of the overall structure.
As a result, model vibration tests were conducted, focusing on inclined bridge abutments, revealing cumulative displacement towards the front of the wall. The tests also showed that the source of this rotational behavior was not just because of impact with adjacent girders and parapets, but also, as illustrated in Fig. 2 , due to relative displacement of lower sections of the bridge. Furthermore, after modeling the relative displacement of the bridge pier and girder rotation, a simple-to-use seismic resistance diagnostic flow chart and nomograph for anti-seismic assessment were designed for practical application, to satisfy the criteria of running safety in a L1 earthquake and safety against disengagement of the bridge in a L2 earthquake.
Bridge piers are another vulnerable structure in the case of an earthquake, and some reinforced concrete (RC) bridge piers built to old design standards have poor seis- Pressure bearing plate mic performance. The seismic retrofitting methods so far developed have been mainly applied to rigid frame viaduct columns, and so it was necessary to development reinforcement methods suited to bridge piers with different cross-sectional shapes and reinforcement ratios. Accordingly, loading tests were performed on models reflecting the results from studies on structural data of existing RC bridge piers, to determine whether deformation capacity calculation methods could be extended to cases with lower reinforcement ratios. In addition, verification trials were conducted to validate a seismic retrofitting method considering RC bridge pier characteristics with higher aspect ratios to confirm their effectiveness.
Existing RC bridge piers with anchored reinforcements around their middle were damaged around the anchored sections as shown in Fig. 3 . To prevent the risk of damage This method is often difficult to apply because of restrictions related to river flow impediment ratios and construction conditions for RC bridge piers in rivers. Therefore a retrofit method was developed using band-shaped steel plates as shown in Fig. 4 , to suppress increases in the cross-section of bridge piers, and verified in loading tests to ensure it was effective for improving seismic performance. Bearing on steel bridges often suffer earthquake damage. Different types of steel bearings have been researched in order to gain insight into and evaluate their seismic behavior and to develop retrofit methods. Recent studies have looked at pin-roller bearings frequently used for steel truss bridges and composite-girder bridges and bridge restrainers connecting adjacent steel girders, which are important devices to prevent bridge collapse, but whose seismic behavior is not yet fully understood. Thus, dynamic analyses were conducted of the bridge restrainers by means of local finite element models by taking into consideration of the effect of an impact (Fig. 5) . Employing the results of the dynamic analyses, seismic response analyses were performed of the entire structural system. These studies will then lead to further research on proposals for practical evalua- During the 2004 Niigata Chuetsu Earthquake, roads and railway embankments in mountainous areas were severely damaged by rising water levels and saturation of embankments because of a typhoon which passed immediately before the earthquake. A detailed examination of the behavior of an embankment affected by rainfall, probably requires consideration of the dynamic behavior of unsaturated soil, however, this does not yet exist in practice. Consequently, a series of shaking table tests were carried out with an embankment constructed on inclined ground after pouring water, then numerical analyses were conducted to simulate the above model tests using the threephase porous body theory. Figure 6 shows the analytical model. This approach was then verified by comparing the experiments and results of the analysis, successfully clarifying the difference in deformation magnitude of the embankment depending on the presence or absence of water level displacement by elucidating the stress paths and the stress-strain curve of the elements. The method was then tested to ensure its usefulness in predicting the behavior of unsaturated embankments in the event of an earthquake.
Research and Development on Maintenance
Maintenance of railway structures normally consists of periodic or occasional inspection to confirm their fit condition and implementing corrective or preventive measures accordingly. In an inspection, structures are visually checked for deterioration followed by more detailed examinations when required. An assessment is then made to ascertain whether the structure is fit to satisfy its purpose, and in doubt, the appropriate maintenance work is scheduled to remedy the situation. In order to meet these needs, research was conducted to develop practical and highly accurate evaluation, degradation prediction methods and countermeasures. Structural deterioration causing maintenance problems also includes concrete spalling in tunnels and viaducts.
In the case of viaducts, spalling of cover concrete frequently occurs due to corrosion of the steel bars inside the concrete. The source of the corrosion is often carbonation or chloride, however in a number of cases there is no corrosion. Consequently, it is critical to predict when and where spalling will occur. Gaining insight into this spalling phenomenon forms part of RTRI's fundamental research work.
Spalling in mountain tunnels, on the other hand, as shown in Fig. 7 , on the tunnel lining is due to compressive failure stemming from tunnel deformation under the influence of ground pressure, causing a safety hazard to train operations. However, the destructive processes are unknown, and quantitative indicators for safety in the case of concrete spalling have not been established. Model experiments and numerical analyses were therefore performed on mountain tunnel linings built with a variety of materials (plain concrete, short fiber reinforced concrete, rebarreinforced concrete, brick, etc.) along with different models to reproduce the compressive failure of the linings, and to determine the horizontal deformation ratio of the tunnel in the event of compressive failure. Further, by conducting a numerical analysis of tunnel, a horizontal deformation ratio for spalling due to compressive failure was found for each type of ground as well as for each tunnel structure so that simple indicators can be developed for maintenance management.
Research and Development on the Acoustic Environment in Railway Stations
Passenger information in stations in Japan is increasingly diverse to reflect the aging population. Studies were conducted on methods for broadcasting acoustic information in railway stations for older passengers. Questionnaire surveys were made to determine the acoustic environment in stations, which found that while information announcements were considered valuable by passengers, they found partially audible announcements difficult to hear and unpleasant. Subjective evaluation tests were then implemented to establish the correct sound levels required to optimize announcements made over passenger address systems, as illustrated in Fig. 8 .
Conclusion
This paper summarizes the areas of work in structural R&D conducted by RTRI. RTRI's R&D activities are very diverse, and are aimed at tackling the broad spectrum of structurally related issues, in order to ensure optimal measures are adopted to achieve high-quality results. 
